The evolution of texture in a 2.8% Si non-oriented electrical steel annealed at 650, 750 and 1100°C was investigated. It was found that, comparing 650°C annealing, Cube and Goss textures in the specimen annealed at 1100°C are strengthened during the early stage of recrystallization. However, the {111}h110i and {111}h112i textures are weakened. Annealing at 1100°C, grains grow rapidly with annealing time in the grain growth stage, Goss and Cube textures are strong and {111}h110i and {111}h112i textures are weak. Cube texture component is strengthened with the growth of grains, Goss texture component is weakened markedly. There is no significant change in the {111}h110i and {111}h112i textures. These characteristics could be attributed to the less recovery before recrystallization and the difference in grain boundary mobility related to the annealing temperature and crystal orientation during grain growth.
Introduction
Non-oriented electrical steels are widely used in electrical appliances and devices, especially for transformers and motors due to their outstanding electrical properties. 1) It is well known that the magnetic properties of nonoriented electrical steels are affected by many factors, such as strip thickness, alloy elements, grain size, impurities level and crystallographic texture. 26) Texture is a very important factor for the permeability of electrical steels. The optimal textures for electrical steels used in rotating machines are ¡-fiber and Cube textures in which all the grains have h100i direction normal to the sheet plane, this will offer the maximum permeability. 7, 8) Much work has been made to investigate the textures in the stage of recrystallization and grain growth, however, the mechanism of the formation of recrystallization texture and the texture evolution of electrical steels during grain growth is still indefinite. This is because the influencing factors (including the initial grain size and texture in annealed bands, micro-structural inhomogeneity in the cold rolled sheets, the heating rate, annealing temperature and time, and cooling rate during the annealing process) are complex. 5, 9) Although some previous works 10, 11) were undertaken to study the texture development of electrical steels in the recovery and recrystallization process, the annealing temperature selected is much lower than that of modern industry. In order to elucidate the texture evolution in the process of annealing operated nearly industrial condition, the texture development is examined in a 2.8% Si non-oriented electrical steel with coarse initial grains.
Experimental Details

Material and heat treatment
The starting materials are the 2.1 mm thickness hot bands with the chemical composition: 0.0030 mass% C, 2.8 mass% Si, 0.2 mass% Mn, 0.8 mass% Al, 0.0037 mass% S and 0.0032 mass% N in weight percentage with balance of Fe. The hot bands produced by the same processes with the same coarse grains were annealed at 1000°C for 5 min followed by air cooling, and then were cold rolled to 0.5 mm by 76% reduction using a laboratory mill through 6 passes. Subsequently, the cold-rolled plates originated from the same hot band were annealed at 650, 750 and 1100°C for different time respectively in the 100% Ar atmosphere. The watering quenching was selected after annealing in order to obtain different recrystallized fraction and grain size.
Texture examinations
Before texture measurements, the specimens were mechanically polished first and then electropolished in a solution of 400 ml alcohol and 100 ml HClO 4 for removing the deformation layer introduced during previous mechanical polishing. The texture examinations of specimens in surface were carried out in an CHANNL5 electron backscatter diffraction (EBSD) system attached with ZEISS SUPRA 55 scanning electron microscope (SEM).
The orientation distribution function (ODF) was analyzed by a texture analysis software (TSL OIM Analysis 6). The step size used during measurement is 1 µm per step for recrystallization stage. The separation of nuclei or recrystallized grains from partially recrystallized microstructures was carried out by using OIM software. The nucleus, or recrystallized grain, was defined as the region which shows a clear Kikuchi pattern and is surrounded by grain boundaries with a misorientation angle exceeding 5°from the deformed matrix. The nuclei, or recrystallized grains, were classified into 6 orientations, {001}h110i, {111}h110i, {111}h112i, {110}h110i, {110}h001i (Goss) and {001}h100i (Cube), with a maximum deviation of 20°from each ideal orientation. This condition makes sure that no overlap between two arbitrary orientations. The area fraction of grains with specific orientations at each recrystallization stage was obtained, and the difference in the area fraction of all grains and that of the recrystallized grains were calculated. Table 1 shows the recrystallized fraction of specimens annealed at different time and temperature. It can be seen that the recrystallized fraction of the specimens annealed at 650°C for 300 s and 1100°C for 10 s are 15 and 11% respectively, indicating that the recrystallized grains are only nuclei. While, a completely recrystallized microstructure of the specimens annealed at 750°C for 300 s and 1100°C for 12 s is revealed with the 100% recrystallized fraction as shown in Table 1 . In the very early stage of recrystallization, lots of nuclei formed in the deformed {111}h110i and {111}h112i grains since these grains possess higher stored energy than others. Thus, deformed {111}h110i and {111}h112i grains are consumed first by the formation of nuclei or the growth of recrystallized grains which have already nucleated. Figure 1 displays the inverse pole figure map and nucleation textures in surface layer presented in ¤2 = 45°s ections of the ODF, showing nuclei in the deformed {111}h112i grains (arrows pointing region). It is found that the typical texture of nuclei in the specimen annealed at 650°C is consisted of weak Goss, Cube and very strong £-fiber components (see Fig. 1(a) ). The intensity of the {111}h112i component is the strongest, no significant ¡-fiber component is observed in this texture except {111}h110i. However, the different typical textures of nuclei in the different sections of specimen annealed at 1100°C are detected as shown in Figs. 1(b), 1(c) . The texture in some sections is consisted of weak Cube, strong Goss and £-fiber components, such as {111}h110i and {111}h112i (see Fig. 1(b) ). In other sections, however, the texture is consisted of very strong Cube, very weak Goss and £-fiber components (see Fig. 1(c) ). Figure 2 illustrates the ¤2 = 45°sections of the ODF for the specimens with a completely recrystallized microstructure. As can be seen, the texture in specimen annealed at 750°C for 300 s consists of weak Goss and strong £-fiber components, as shown in Fig. 2(a) . The texture in specimen annealed at 1100°C for 12 s, however, consists of strong Goss and Cube and weak £-fiber components, as shown in Fig. 2(b) . So, there is a significant difference in the texture of 2.8% Si electrical steel in the very early and late stage of recrystallization. This difference is mainly caused by the strength of the Goss, Cube and £-fiber components. The Goss and Cube components become strong in the specimens annealed at 1100°C, whereas £-fiber component becomes weak.
Results and Discussions
In order to understand these differences in texture, the formation of shear bands should be discussed. Shear bands are preferential sites for nucleation, they are considered to be an important factor in the recrystallization process. 12) Shear bands are known as severely strained regions formed as a result of strain inhomogeneity due to structural instability during cold rolling.
13) The formation of shear bands depends on the deformation conditions including chemical compositions, texture, microstructure of materials and deformation temperature. In this research, the coarse grains in 2.8% Si electrical steel induced many shear bands in deformed grains having {111}h110i and {111}h112i orientations. 14) It is demonstrated that new grains with Goss orientation are usually nucleated in shear bands and at the very early stage of recrystallization due to the highest stored energy. 13) So, shear bands play a very important role in determining the recrystallization texture.
For the same time, the real temperature of specimens annealed at 1100°C is higher than ones at 650°C. It is obvious that the fraction of recovery before the recrystallization progresses will be decreased due to the high annealing temperature. Accordingly, the differences in residual stored energy among various texture components are reduced as recovery proceeds. Therefore, one can claim that at high annealing temperature the new grains with Goss and Cube orientation have a more chance of nucleating and consuming the surrounding deformed matrices during annealing, while, £-fiber components have a less chance. As a result, the strength of Goss and Cube components increased, and the £-fiber components decreased. Table 2 shows the average diameter and total number of grains calculated in specimens annealed at 1100°C for different time. It can be seen that the average grain diameter increases rapidly with the increase of annealing time. Because the grain boundary migration in this study depends on the temperature force on the boundary. The higher annealing temperature used the grater temperature force is obtained, so grains grow more rapid. The area fraction of grains with various orientations with annealing time is presented in Fig. 3 . As can be seen, the area fraction of Goss and Cube components is much and the {111}h110i, {111}h112i, {001}h110i and {110}h110i components is less. Goss and {001}h110i components decrease with annealing time. On the other hand, the area fraction of the Cube component increases up to 12 s and then remains a stable level with annealing time. However, there is no significant change in the area fraction of the {111}h110i, {111}h112i and {110}h110i components. It is worth note that the £-fiber components remain low level, especially {111}h112i. The optimal textures remain high level, especially Cube. These differ from the previous work.
15 ) The main reason for this may be the high annealing temperature changes the mechanism of recrystallization and grains growth. As we know that the boundary migration during grains growth depends on several parameters including the boundary structure which is a function of misorientation and boundary plane. It is also strongly influenced by point defects in the material such as solutes and vacancies, and it also depends on the experimental conditions, for instance the temperature, the nature and magnitude of the forces on the boundary. In this study, the most important parameter is temperature. Generally, the apparent activation energy of boundary migration is various with temperature. At high temperature, the mobility of grain boundary may be varied for the changes in boundary structure and mechanism of boundary migration, because the coincidence site in boundaries or ordered boundaries may become more disordered and lose their special properties. So, when the specimens annealed at 1100°C, the boundary structure and the mechanism of boundary migration may be changed and grains with different orientations may have a similar boundary migration rate, except Goss and {001}h110i. So, Goss and {001}h110i components continues to decrease, and others remain stable.
Conclusion
In summary, during annealing stage of high silicon steel, the mechanism of recrystallization and grain growth changed with an increase in temperature which exerts a great influence on the nucleation and grain boundary migration of Goss, Cube and £-fiber. During the very early and late stage of recrystallization, the Goss and Cube component become strong in the specimens annealed at 1100°C, whereas £-fiber components become weak, and that happens all the time during grain growth stage, ultimately, Goss and Cube components are strong and £-fiber components are weak in final product. Fig. 3 Area fraction of grains with various orientations with annealing time in the specimens annealed at 1100°C.
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